Abstract-Modern power systems are undergoing a transitional phase, increasingly incorporating renewable energy sources (RES) to harness their economic and environmental benefits. The main challenge with this transitional phase is the management of the increased variability and uncertainty in the power balance. Legacy operation and planning practices are gradually seen as becoming inadequate or ill-adapted in addressing this challenge. One particular gap in the state of the art, which is of great importance, is estimating the operational flexibility potential of individual power system assets and their aggregation at the system level. System operators need to evaluate and plan ahead flexibility adequacy for their power systems in order to ensure feasible and economical operation under high RES penetration. Likewise, asset owners need to integrate the notion of asset flexibility as part of their investment and operations decisions. To this end, we propose the concept of the flexibility envelope to describe the flexibility potential dynamics of a power system and its individual resources in the operational planning time-frame. We demonstrate that the resulting envelope dynamics can be a starting point for flexibility adequacy planning in systems with highly variable generation.
Traditionally, system operators have had to deal with variability and uncertainty resulting mainly from demand and random generation/transmission outages. Generally, they have always had enough lead time and ample capacity to prepare generation in advance to deal with such circumstances [6] . On the contrary, under high RES penetration, the netload (i.e., load less RES output) exhibits higher magnitudes and rates of variability [7] with higher uncertainty. This reduces the available lead time, creates requirements for large and sudden ramping events, and causes frequent start-ups and shut-downs for dispatchable generating units [8] , [9] , thus warranting the rethinking of traditional operation and planning practices to suit better 1) shorter decision-making lead times; 2) faster changeability; and 3) higher uncertainty. In addition, other resources in the system will be required to alter their generation and/or consumption in a variable manner and fast enough to overcome those three challenges-the basic premise behind power system flexibility.
A. Defining Power System Flexibility
The concept of flexibility in power systems has been formally introduced only recently and has been officially recognized by organizations like the IEA [1] and NERC [10] , [11] . Concurrently, academic research and industry reports have begun to emerge and assess flexibility in power system operation and planning. Currently, the two main research frontiers in this area are in terms of long-term flexibility planning and short-term operational flexibility scheduling. Currently, there is no universal definition of power system flexibility. Different authors and groups have contributed their own definition, which we discuss shortly here.
Flexibility is defined in [6] as "the ability of a system to deploy its resources to respond to changes in netload, where netload is defined as the remaining system load not served by variable generation." A definition in [1] states that "flexibility expresses the extent to which a power system can modify its electricity production and consumption in response to variability, expected or otherwise." From an operational point of view, flexibility is seen in [4] as "the potential for capacity to be deployed within a certain time-frame" to respond to changes in netload. Similarly, Makarov et al. [12] and Dvorkin et al. [13] define operational flexibility "in terms of power capacity (MW), ramp rate (MW/min), i.e., the ability to increase energy production with a certain rate, and ramp duration (min), i.e., the ability to sustain ramping for a given duration [13] ." A lower level definition is adopted in [14] , where flexibility is said to encompass controllability and observability information about the underlying power system which is constrained by the dynamics of its resources. Tying technical flexibility with economics, Ma et al. [9] defines flexibility as "the ability of a power system to cope with variability and uncertainty in both generation and demand, while maintaining a satisfactory level of reliability at a reasonable cost, over different time horizons." Similarly, flexibility is defined in [15] as "the system's capability to respond to a set of deviations that are identified by risk management criteria through deploying available control actions within predefined time-frame and cost thresholds."
Therefore, a power system must be flexible in its resources, operation, and planning to permit the integration of higher RES targets. The more flexible a power system is, the more variability and uncertainty it can handle, and the more RES levels can be achieved. This can be realized by diversifying the resources available in the power system, such that they exhibit various flexibility characteristics and flexibility costs, as argued in [16] . The challenge then becomes how to manage and optimize this flexibility potential according to system needs in the most economical way.
Having excess reserve capacity does not necessarily ensure power system security, especially under significant RES penetration [17] ; this capacity must also be "flexible" enough to be deployed in good time. The system operator must validate the rampability of reserve capacity implemented by its portfolio of resources, subject to transmission constraints. This portfolio has to be capable of providing power set-point adjustments (both upward and downward), within the time scales and power volumes entailed by the realization of the netload variability and uncertainty, and within the transmission capacity of the network. The design of the transmission network can have a significant impact on the flexibility provided by resources. In addition, the locations of flexibility resources are highly relevant due to potential congestion [18] . In this paper, we do not perform transmission planning, nor do we consider the network's topology when performing flexibility planning. For considerations of space, we are not addressing the effect of the transmission network on flexibility envelopes nor the inherent flexibility of the grid itself. These are important matters which are planned for future research.
B. Objective
The object of this paper is the presentation of a systematic methodology to describe the behavior of power system resources' flexibility as needed by unit commitment and economic dispatch tools. Here, we define the flexibility of a power system resource at time t as the power capacity this resource could potentially deploy in τ units of time later, as seen at time t [4] . It is better characterized by limit behavior as time progresses, which corresponds to a flexibility envelope or cone. Therefore, to ensure adequate system flexibility, the flexibility cone for the entire power system must enclose, reasonably well, the corresponding cone of flexibility needs arising from RES integration.
II. STATE OF THE ART IN POWER SYSTEM FLEXIBILITY PLANNING
The objective of short-term flexibility planning is to ensure economical and feasible operations by committing the right power system resources and prepositioning them correctly ahead of time. This is generally done directly in the context of day-ahead unit commitment and predictive economic dispatch. With unit commitment, reserve capacity is scheduled and, in the case of economic dispatch, the available generation capacity is deployed to meet the current levels of netload. Inappropriate short-term operation planning may lead to insufficient flexibility in real-time operation-inadequate power capacity combined with potentially inadequate maneuverability-which in turn may lead to undesirable situations such as out-of-merit dispatch, involuntary load shedding, unnecessary renewable generation curtailment and, potentially, widespread blackouts. As mentioned above, unit commitment problem formulations generally attempt at resolving this problem. However, they only focus on getting the capacity right but not its ramping ability.
The main challenge is managing the increased variability and uncertainty arising in the netload, as a result of higher RES penetration. Variability arises because RES have maximum generation limit that changes with time, while uncertainty arises because this limit cannot be known with perfect accuracy [19] . In particular, under high RES penetration, the impact of intra-hourly variability and uncertainty can become substantial enough to put significant stress on reserve requirements in terms of necessary capacity and its ability to ramp, both upward and downward. It is thus our ambition that all devices (producing and/or consuming power) in the power system can participate collectively in balancing power across the system, by exploiting their upward and downward flexibility, i.e., by providing flexible reserve.
Conventionally, reserve types have been categorized according to their required deployment response time and the duration during which resources providing them have to maintain their deployed capacity. The three main categories are frequency containment reserves (primary/instantaneous), frequency restoration reserves (secondary/fast), and replacement reserves (tertiary/slow) [20] - [23] . So far in the literature, the emphasis has been on quantifying the required reserve capacity, while assuming that the committed resources provided sufficient rampability. Such an approach is unlikely to guarantee system's security under significant RES penetration; a more systematic approach is desired.
Flexibility, on the other hand, quantifies in a more general way reserve capacity dynamics of power system resources over a time continuum-the horizon of potential flexibility deployment. This allows for a more rigorous consideration of reserve requirements in terms of both capacity and rampability. The heuristic distinction between the various reserve types is no longer explicitly needed, thus allowing the various power system resources, including demand-side management and energy storage systems, to contribute collectively to the whole spectrum of reserve requirements. Henceforth, one must ask: to what extent does the recent literature on short-term planning quantify and plan reserve requirements in light of the emerging concept of flexibility?
Estimating flexibility requirements is directly related to quantifying the netload random process. This can be modeled exogenously or endogenously with respect to the planning problem. The exogenous approach quantifies the netload random process in terms of a probability distribution or a statistic (e.g., standard deviation), which is then used to impose an explicit reserve requirement constraint in the generation planning optimization model. This quantity could be static for all planning periods, or it could be dynamic and specific to each period. The endogenous approach models netload random process stochastically (e.g., scenario-tree formulation), which is then integrated into the planning problem and solved via stochastic programming techniques. In the latter case, there is no explicit reserve requirement constraint, as it is implicitly accounted for via the need to satisfy the power balance constraint in each of the scenarios [24] , [25] .
In the case of an exogenous approach, some techniques map the probability distribution or its statistics directly to a reserve requirement for a certain time-frame such as the 10-min spinning reserve [3] , [26] . Other techniques relax the reserve requirement by first mapping the probability to a reliability criterion [7] , [20] , [27] , [28] , which allows for insufficient flexibility as long as the reliability criterion is met. Yet, other techniques further relax the reserve requirement by optimizing the reserve cost against the actual benefit of its availability [17] , [28] , [29] . The benefit is improved operational cost and/or feasibility of the planning problem, since directly mapping the netload random process to reserve requirements can be a stringent constraint during planning.
On the other hand, the endogenous approach of quantifying the netload random process is suitable for stochastic-based planning (e.g., stochastic unit commitment). The main advantage here is that fully hedging against scenarios that have much lower probability of occurrences may not be needed, considering the higher reserve cost associated with these scenarios [4] . The endogenous stochastic approach is surveyed thoroughly in [30] .
More or less, the above various approaches followed the conventional wisdom of quantifying reserve capacity for the 10-or 15-min duration (i.e., spinning reserve requirement) and for the 1-h duration (i.e., load following requirement). At best, a constraint is imposed on those two categories to be able to linearly ramp to the full capacity within the entailed time-frames. However, the essence of the flexibility concept goes beyond merely defining reserve requirements statically for two timeframes; this does not satisfactorily capture the full intra-hourly characteristics (i.e., variability and uncertainty) of the netload random process, which we attempt to accomplish via quantifying the flexibility requirement envelope for a continuum of deployment time-frames.
That being said, some recent approaches divert from the conventional wisdom. The "flying-brick" concept in [12] and the "probability-box" concept in [13] quantify reserve requirements based on statistical analysis of variability for a range of intra-hourly durations. The proposed envelope follows along the same lines but acknowledges the time-evolution of reserve requirements, which resembles the shape of an envelope or a cone. Essentially, the "flying-brick" and the "probability box" are a "boxed" version of the proposed envelope, when transforming the envelope into the capacity-ramp-duration space. That is, the envelope carves out some of the empty space within the boxes. This empty space in the "flying/probability" boxes may end up imposing unnecessarily costly reserve requirements on the system.
Via the flexibility envelope concept we introduce in this paper, we provide a new basis for the development of power system operation tools which could be used to: 1) assess and visualize the probable range of RES excursions in terms of time (i.e., the flexibility requirement envelope); 2) do the same for power system resources (i.e., the flexibility envelope); and to 3) optimally match power system resources as countermeasures to RES variability and uncertainty. For instance, the work presented in [31] , describing how the "flying-brick" concept integrates within an energy management system (EMS), could be redone in the same context using flexibility envelopes.
The developments here are carried out taking a North American power system operation planning approach. Nonetheless, the concept of flexibility envelopes could still be used in electricity systems where bilateral transactions and energy-only market clearing are used to carry out short-term generation planning, as in most European countries. Envelopes could be useful primarily for transmission system operators (TSO) and flexibility resource owners in preparation for the balancing mechanism. Flexibility requirement envelopes could be used by the TSO to determine how much flexibility resources need to be procured to run the balancing mechanism reliably and economically. Moreover, in the case of flexibility resource owners, they could calculate their own flexibility envelopes while trading off gate-closure market positions for wider or smaller ranges of flexibility to be offered in the balancing mechanism with the objective of profit maximization.
III. FLEXIBILITY REQUIREMENT
Statistically, several studies [16] , [32] , [33] have shown that wind (and solar) generation output variations exhibit a considerable range of ramping characteristics as reflected by the frequency content of its power spectral density. Fig. 1 shows a schematic representation of the periodogram (a statistical estimate of the power spectral density) of wind generation output variations. There are three distinguishable parts in the periodogram [4] , [16] . Part I essentially indicates that over long enough time spans (i.e., low frequencies), the wind generation output will vary on average between zero and full capacity (1.0 per unit). Part II exhibits a linear profile in log-log scale, which is known as the Kolmogorov spectrum [16] . The wind generation output variations roll off exponentially as f −5/3 , indicating that variations in the output decrease as timescales become shorter. Part III is flat at nearly zero magnitude, indicating that at high frequencies (i.e., very short time intervals), the output variations are essentially filtered out by the mechanical and electrical inertias of wind turbines. There are two main conclusions to take from this analysis. First, managing variability and uncertainty arising from RES integration requires a pool of resources with diversified flexibility characteristics to provide a matching spectrum of reserve dynamics [4] , [16] . Second, it is not unlikely that the RES output can vary between zero and its maximum within 1 h. Given this empirical information, one can argue that there is inherently some value in exploiting the fact that RES output variations are well bounded within an hourly time-frame.
A. Quantifying the Envelope
The concept of an envelope implements the empirical findings illustrated above, by quantifying intra-hourly reserve capacity and rampability requirements for a 1-h period. Typically, the forecast RES output is held constant during each hourly planning period k, whereas the actual RES output deviates from this forecast in real time. These intra-hourly deviations during the kth hour w(k, τ ) are modeled here as step changes, with respect to the constant RES forecast output, taken over a range of subhourly time durations τ ∈ [0, 60] min
whereP RES (k) represents the RES forecast for hour k and P RES (k + τ ) is the realization of the RES output within hour k, measured τ minutes later. A probability distribution of w(k, τ ) can be computed empirically for every τ , by constructing a relative frequency plot. This yields a stationary probability distribution that is a function of the variability calculation interval τ only. Finally, plotting the 95% (or in general δ) percentile of the probability distribution at all τ 's produces an envelope that encompasses the vast majority of plausible realizations of reserve capacity requirements, whereas the slope of the envelope implicitly encompasses the majority of plausible realizations of reserve ramping requirements.
It must be noted that we take a parametric approach in this paper to quantify the flexibility requirement envelope. Other papers, e.g., [13] , argue in favor of the nonparametric approach, based on an empirical study of the goodness-of-fit of various parametric distributions, although they leave out the Laplace distribution. It is beyond the scope of this paper to assess the relative merits of each approach. The ultimate goal here is to have an adequate statistical representation of the behavior of the envelope.
Since w(k, τ ) is assumed to be stationary random process (i.e., dependent on τ only), the per unit envelope is timeinvariant and is therefore valid for all times and for all RES output levels. An implication of time-invariance forward compatibility, as shown in Fig. 2 , means that a sample realization cannot break the bounds of successive envelopes drawn at any time instant τ . Therefore, enclosing the flexibility requirement envelope by the aggregate envelope of flexibility resources needs only be done at the beginning of the kth hour to ensure adequate flexibility planning. However, in real-time operations, the envelope must be optimized repeatedly, while the netload random process is being realized, because merit-order dispatch is in direct conflict with flexibility planning-it seeks to minimize dispatch costs at the expense of undermining future flexibility.
B. Example: Wind Power Variability
It has been shown in [32] and [34] that the wind generation random process is well fitted by a Laplace distribution. Fig. 3 shows the fitted Laplace distribution for the wind generation data analyzed in [32] the probability using the Laplace probability density function. Fig. 3 shows the shape of the envelope for the wind generation data.
IV. QUANTIFYING THE FLEXIBILITY OF POWER SYSTEM RESOURCES
We formulate next the dynamics of the flexibility envelope for a generic power system resource analogous to the flexibility requirement envelope. The flexibility envelope may also model an aggregation of resources such as a collection of smaller individual resources. The model abstracts from technology-specific details by describing the power output dynamics only in term of capacity and rampability. However, complexities may arise primarily because the internal dynamics and constraints of the flexibility resource are nontrivial and time-dependent. Equally important, the flexibility envelope conveys the strong coupling of energy delivery and primary, secondary, and tertiary reserves.
A. Modeling Flexibility Potential Dynamics
To begin with, we distinguish between flexibility potential dynamics and flexibility envelope dynamics. Working in discrete time where τ = nΔ for n = 0, 1, . . . , N such that N Δ = 60 min, s ↑ (k, n) and s ↓ (k, n) describe the upward and downward, respectively, flexibility potential dynamics of a single resource evaluated at the kth hour for delivery n intra-hourly time steps in the future. Both are quantified by the difference between the scheduled power trajectory, y sch (k) and a feasi-
, deviation from the scheduled power trajectory-see Fig. 4 . Therefore, the two coupled equations describing the flexibility potential dynamics of a single resource are as follows:
where
Here, the scheduled trajectory is assumed to remain constant during each hour. A planned deviation from the constant level, to be distinguished from failures, is a realization of flexibility deployment via ED decisions and/or ancillary service deployment in real-time operation. More importantly, assuming that y sch (k) stays constant during each hourly period yields a timeinvariant flexibility envelope, since the same maximum upward and downward deviations can be reproduced at any successive intra-hourly time step n. This way, the flexibility model of resources is mathematically compatible with the flexibility requirement envelope model.
B. Calculating the Flexibility Envelope
The flexibility envelope of a power system resource (ŝ ↑ ,ŝ ↓ ) can be estimated recursively from the flexibility potential dynamics by maximizing the deviations
where the sets V ↑ (k, n) and V ↓ (k, n) represent the dynamical limitations of the power system resource in hour k and intrahour time step n.
For simplicity, if we consider linear time-invariant (LTI) power system resources only, we can identify four characteristics (constraints) describing the intra-hourly flexibility envelope dynamics, as illustrated in Fig. 5 . These are m-step delays (6) and (7), capacity (8) and (9), rampability (10) and (11), and energy storage constraints (12) and (13) , which apply for all k and n
where m ≥ 0 is some response delay, P max and P min are, respectively, the maximum and minimum power levels of the resource, R ↑ and R ↓ are, respectively, its up and down ramp limits, E max and E min are the maximum and minimum energy storage levels of the resource, while e(k, 0) is the initial energy stored in the resource at the beginning of hour k.
V. COMPARISON TO STOCHASTIC OPTIMIZATION
Scenario-based stochastic optimization has been proposed widely as a methodology to address the variability and the uncertainty of RES as part of short-term power system planning, especially for unit commitment; see, e.g., [25] , [30] . The advantages of stochastic optimization in this respect are many. First, it serves to determine here-and-now generation planning decisions while having foresight of how the system netload may evolve. Typically, this is done with the help of scenario trees. Moreover, stochastic optimization approaches may not be fully hedged against some extreme low-probability highconsequence events [4] . Lastly, transmission constraints can be handled without much difficulty in stochastic optimization approaches [35] , [36] .
On the other hand, stochastic optimization has significant challenges in performing generation scheduling under uncertain and variable RES. Its first challenge pertains to the construction of adequate scenario trees to represent credibly the possible time evolution of the netload [25] , [37] . In order to obtain accurate representations, one has to have a large number of scenarios which, in turn, increases the size of the problems to solve. This is compounded with the fact one needs to define variables and constraints for each possible realization in the scenario tree. Therefore, stochastic optimization formulations are yet to emerge as viable practical industry solutions.
The approach we propose based on flexibility envelopes circumvents those dimensional hurdles by ignoring the different likelihood of specific netload trajectories enclosed within the flexibility requirement envelope. All possible netload trajectories enclosed by the envelope are treated equally, and only those at the boundary matter to the generation planner. Moreover, it is much simpler to obtain flexibility requirement envelopes than to build good scenario trees because all that is needed to determine a flexibility requirement envelope is historical/forecast error information. At the same time, envelope-based planning is much less computationally intensive than stochastic optimization because it is not necessary to carry variables and constraints which apply to all netload scenarios contained within the envelope. We believe that the current approach can be readily adapted to include transmission limits. This, however, remains out of the scope of the paper.
VI. ILLUSTRATIVE EXAMPLE
This simplified example illustrates the advantage of flexibility planning with economic dispatch in a rolling-horizon scheme. At every time step, the decision-maker solves the conventional economic dispatch problem, while also ensuring that the projected aggregate flexibility envelope of committed resources encloses the projected flexibility requirement envelope, moving forward. The process is repeated at every economic dispatch time step, yielding a receding-horizon scheme. We shall call this the flexibility envelope receding-horizon economic dispatch (FE-RHED). This approach will be compared to the myopic economic dispatch (M-ED) and economic dispatch with a spinning reserve requirement (SR-ED). The M-ED approach solves the conventional economic dispatch problem without considering spinning reserve or any flexibility requirement envelope. The SR-ED approach solves the conventional economic dispatch problem, while ensuring that sufficient spinning reserve is available for the next 10 min, which is generally the current industry practice.
Let there be I flexibility resources with generation levels
, maximum linear ramping rates {R i } I i=1 , and distinct incremental costs {c i } I i=1 . Let there be two slack resources capable of providing an infinite amount of flexibility, in both capacity and ramping. One slack S ↑ provides upward flexibility when there is generation deficiency. The other slack S ↓ provides downward flexibility when there is generation excess. The slack resources are priced at a much higher cost than the I resources to be used as a last resort, when the economic dispatch problem is not feasible.
The long-term averages on the use of S ↑ and S ↓ are seen as estimates for the expected energy not served (EENS) and the expected energy curtailed (EEC), respectively. They will be used as metrics to assess the relative advantage of the FE-RHED approach against the SR-ED and M-ED approaches. Fig. 6 illustrates the FE-RHED approach schematically. There are N economic dispatch time steps within a single unit commitment hour k, of length Δ = 60/N min. For each dispatch {g i } I i=1 of the I flexibility resources, the individual and aggregate flexibility envelopes can be computed over a planning horizon of length H future time steps. The problem, hence, is to choose the cost-minimizing dispatch at the current time k + n that will meet the current netload forecastˆ (k + n), while ensuring that the aggregate flexibility envelope encloses the flexibility requirement envelope over the horizon k + n + τ , where τ varies from 1 to H. Here, we assume that the envelope's horizon is discretized with the interval Δ as well. This is repeated at every economic dispatch time step k + n, where n varies from 0 to N . The following linear program describes this procedure for a single economic dispatch time step k + n, given the previous optimal dispatch at k + n − 1 and the projected envelope over the horizon k + n + τ for τ = 1, . . . , H
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There are three distinct sets of constraints in the above problem. Constraints (15)- (19) ensure that the combined resources balance the netload at time step k + n, while respecting the capacity ramping limitation of resources as they ramp from their previous dispatch at k + n − 1. Constraints (20)- (23) bound the flexibility envelope of each resource i = 1, . . . , I at time steps k + n + τ , where τ varies from 1 to H, again while respecting the capacity and ramping limitations of the resources. Constraints (24)- (27) ensure that the aggregate flexibility envelope encloses the flexibility requirement envelope at time steps k + n + τ . The evolution of the upper and lower half envelopes of flexibility requirement over the receding horizon is described in the right-hand sides of (24) and (25), respectively. Here, the half envelopes grow at the rate of λ MW/Δ and saturate once the maximum and minimum possible netload are reached.
We emphasize here that the problem (14)- (27) is solving the economic dispatch at time k + n projecting the potential evolution of the netload up to H subhourly time steps ahead. Therefore, envelopes are always calculated based on the current state of the system when the economic dispatch is computed. So, if in between the current dispatch time and the previous subhourly dispatch step flexibility has been used, the envelopes of resources which have deployed flexibility are updated based on their current operating point.
The primary objective (14) is to minimize the cost of dispatch associated with the current dispatch time step k + n, while enforcing the aforementioned three sets of constraints. Ideally, the I resources should have enough flexibility to ramp from the previous time step k + n − 1, while ensuring that there is still enough flexibility to enclose the projected flexibility requirement envelope, moving forward. However, due to poor planning in the past or a lack of sufficient flexibility, the I resources may not be able to collectively position themselves at time step k + n to balance the current netload or to ensure proper enclosure of the projected flexibility requirement envelope. Consequently, the decision-maker may have to deploy slack resources [in the form of load shedding (S ↑ ) and generation curtailment (S ↓ )] to avert dispatch infeasibility. Deploying slack resources is undesirable and thus is priced much higher than the other resources. They are to be used as a last resort when the problem becomes infeasible. On the other hand, feasibility at k + n can be improved by relaxing the flexibility requirement envelope; this is done via the slack variables v (24)- (27) . Relaxing future flexibility requirement comes at a cost, since it may lead to poor prepositioning of the I resources at the current time, which, in turn, may affect future flexibility availability. Therefore, the cost of envelope relaxation is reflected in the third term of (14) . The cost is also discounted at a rate of γ(τ ) to reflect that near-term flexibility is more valuable than long-term flexibility. A reliability criterion [7] or a cost/benefit analysis [38] can also be used to limit the use of the slack resources.
Thus, the problem in (14)- (27) becomes that of balancing the current flexibility requirement (i.e., the ability to ramp from the previous dispatch time step to a feasible positioning at the current time step) with the future flexibility requirement (i.e., enclosing the projected flexibility requirement envelope), while balancing the system's current netload. The tradeoff depends on how the I resources, the slack resources, and the envelope's slack variables are priced relative to one another in (14) .
B. Simulation Setup
A toy system consisting of five flexibility resources will be used to simulate the dispatch operations of a single hour, with the objective of showing that the FE-RHED approach leads to 2) Netload Model: The load is constant at 50 MW throughout the hour. The RES output varies randomly according to a Laplace distribution characterized by β = 10 MW/5 min. There is 40 MW of RES capacity, and the RES maximum 5-min step change is λ = 1.63 · √ 2 · 10 = 23.05 MW/5 min. This corresponds to the 90th percentile of the Laplace distribution. Therefore, the netload (k + n) can vary between 10 and 50 MW, and the 5-min step changes in the RES realizations are bounded between 0 and λ. The RES forecast for the hour is 20 MW, meaning thatˆ (k + n) = 30 MW for n = 0 in Fig. 7. 3) Flexibility Resources: There are five identical flexibility resources which are given fixed incremental costs. There are two slack resources priced at a much higher cost than the other five resources. Table I shows the capacity, ramping, and cost characteristics of flexibility resources, slack resources, and envelopes' slack variables. The combined ramping of flexibility resource is two thirds of λ computed above, to simulate flexibility scarcity.
4) Dispatch Policies:
The linear program described in (14) - (27) is used to simulate the FE-RHED, M-ED, and SR-ED approaches for N = 12 time steps. In the case of FE-RHED, the horizon is set to 1 h, H = 12. In the case of M-ED, the horizon length is set to zero, such that there is no reserve planning looking forward. In the case of SR-ED, the horizon length is set to 10 min with a 10-min discretization, such that there is only one step looking forward to plan the 10-min reserve as per NERC's requirement. For all policies, the discount factor in (14) is set to one.
5) Performance Metrics:
To assess the quality of the dispatch decisions made through the various policies, we calculate the energy served for each realization j (ES i,j ) and the expected energy served (EES i ) by each resource i. In addition, we compute the energy not served (ENS j ) and the energy curtailed (EC j ) for each realization j, from which we obtain the EENS and the EEC for all J realizations of the netload random process
ENS j (31)
, and S ↓ i,j (k + n) correspond to the realizations of the economic dispatch decisions at time step n for random netload realizations j = 1, . . . , J.
Because of the power balance imposed by (15) , the sum of the expected values (29)-(33) should converge to the expected netload energy (ENLE) requirement
which should be 30 MWh given the forecasts for the load (50 MW) and the variable generation (20 MW). To assess convergence of the dispatch simulations, we calculate the incremental change in ENLE J and ensure that it is less than the desired accuracy ( = 0.01 MWh here)
Hence, once we have simulated J realizations of the netload random process and that it affects the value of ENLE J by less than = 0.01 MWh, we stop. values for each economic dispatch approach as well. The percentage changes are taken with respect to the M-ED approach. By inspection of the tables, we can see how imposing a spinning reserve requirement in SR-ED shifts part of the dispatch from cheaper resources to the more expensive ones. Imposing the envelope in FE-RHED further shifts the dispatch from cheaper resources to the more expensive ones. Out-of-merit dispatch operation leads to an increase in cost as shown in Table II , but leads to a decrease in load shedding (EENS) and RES curtailment (EEC), as seen in Table III . Although there has been an increase in the dispatch cost, we see that the overall system cost (accounting for dispatch, load shedding, and generation curtailment) has dropped in a nonnegligible fashion with both SR-ED and FE-RHED. By inspection of Fig. 8 , we can see how the spinning reserve requirement attempts to tighten the distribution of EC and ENS in comparison to the M-ED (middle plot), whereas the envelope requirement further tightens the distribution in comparison to SR-ED (bottom plot). The tightness of the histogram implies how well each economic dispatch approach is capable of mitigating system imbalances and thus maintaining power balance as dispatch operations move forward in time.
C. Simulation Results and Discussion
Hence, there are advantages in properly capturing the underlying system netload variability envelope through its systematic encapsulation. The first main advantage lies with the reductions in the expected values of ENS, EC, and their corresponding variances. Second, we have to emphasize that this has been achieved at the price of very little computational cost increases, in comparison to a dispatch problem formulation based on multiscenario stochastic optimization. 
VII. CONCLUSION
Power system flexibility is an emerging concept there to complement traditional capacity adequacy planning in modern power systems. Flexibility adequacy emphasizes on timely delivery of reserve capacity as much as it emphasizes on the capacity itself. However, current operational and planning practices do not address satisfactorily flexibility requirement and typically assume sufficient rampability of allocated reserve capacity. This can have great impact on short-and long-term operations planning when significant amounts of non-dispatchable generation are present. In this paper, we emphasized the need to model the intra-hourly flexibility potential dynamics of power system resources through the notion of flexibility envelopes. We presented a case study illustrating the value of the flexibility envelope concept in the context of a receding horizon economic dispatch with highly variable generation. The dispatch approach based on flexibility envelopes, as expected, can decrease energy not served and energy curtailed in comparison to more traditional approaches. Its computational complexity is well under that of other approaches which consider an explicit representation of generation variability and uncertainty (e.g., stochastic optimization, dynamic programming). Ongoing work in this area is addressing some of the longer term flexibility planning issues, including flexibility investment, along with the addition of transmission constraints in long-and short-term planning.
